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ABSTRACT 11 
Brown seaweeds are a suitable substrate for biogas production through anaerobic digestion 12 
(AD). Since the carbohydrates’ content is subjected to a seasonal variation, this research 13 
aimed to select the best harvesting period of beach cast brown seaweed Laminaria sp. for 14 
methane production, while optimising the use of a beating pretreatment and the organic 15 
substrate concentration. Response surface methodology (RSM) was used to estimate the 16 
effect of the beating pretreatment in terms of pretreatment time (5-10-15 min) and organic 17 
matter concentration in terms of volatile solids (VS) (1-2.5-4%) on methane production. The 18 
highest methane yield of 342 ± 17 ml g
-1
VS was observed during November at 1% of VS and 19 
after 5 min of pretreatment, while the lowest yields were registered in March with an average 20 
of 163 ± 28 ml g
-1
VS. However, an enhancement of 47% with respect to the untreated sample 21 
was achieved at 2.5% of VS and after 15 min of pretreatment, in March.  22 
 23 
KEYWORDS 24 
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1. INTRODUCTION 27 
First generation biofuels are made by using food crops as main feedstocks. The greenhouse 28 
gas savings associated with first generation biofuel systems could be negated by indirect 29 
land-use change (ILUC) emissions. These emissions occur when grassland and forest are 30 
converted to crop land somewhere on the globe to meet the demand for commodities 31 
displaced by the production of biofuel feedstocks [1]. The growth of terrestrial crops for 32 
biomass requires the use of significant amounts of land and water and can have implications 33 
for biodiversity, food production and landscape [2]. 34 
Second generation biofuels produced by lignocellulosic biomass, agricultural, municipal and 35 
industrial waste can mitigate the issues related to the first generation of biofuels. However, it 36 
has been highlighted [3] that the production of second-generation biofuel requires most 37 
sophisticated processing production equipment, thus requiring more investment per unit of 38 
production and larger-scale facilities to confine capital cost scale economies. 39 
Third generation biofuels derived from algal biomass (micro- and macroalgae) are a valuable 40 
alternative to overcome the obstacles related to the first and second generation biofuels. This 41 
kind of biomass ensures high growth yields without requiring arable land [4-6], high capacity 42 
of carbon capture during photosynthesis [7] and a negligible amount of lignin avoids the need 43 
for energy-intensive pretreatments [8].  44 
In particular, macroalgae, commonly known as seaweeds, can be converted into biogas (~ 45 
60% methane) via anaerobic digestion (AD) [9]. Biogas can then either be used to produce 46 
heat and electricity in combined heat and power (CHP) systems or upgraded to biomethane. 47 
Biomethane is a gas chemically identical to natural gas which can be injected into the gas 48 
grid or used as a transport fuel [10]. Compared to natural gas, algal biogas through AD has 49 
the potential to decrease greenhouse gas (GHG) emissions over 50% and fossil depletion of 50 
almost 70% [11]. 51 
In Ireland, several studies [12-14] assessed the use of grass as resource for biomethane 52 
production through AD. These studies are relevant since grass is the main Irish biomass used 53 
for ruminant production. Even though, grass was proven to contribute significantly to biogas 54 
production [15], the main concern is its competition with the Irish agricultural system [16]. 55 
Unlike grass, seaweed biomass do not compete with any Irish agricultural system and it 56 
offers higher gross energy yields of biomethane (365 GJ ha
-1
 yr
-1
) with respect to grass 57 
biomethane (122-163 GJ ha
-1
 yr
-1
) [17]. It represents an indigenous resource which can help 58 
the development of rural costal economy [7, 18] as well as an opportunity for the Irish marine 59 
sector [19]. Ireland has a long maritime tradition and significant potential for exploitation of 60 
marine resource. Most of the Irish seaweeds production is for the hydrocolloid industry and a 61 
significant quantity is sold as raw material for further industrial processing [20]. The 62 
estimated standing kelp stock is three million tonnes; although this estimation is highly 63 
uncertain [20]. However some obstacles need to be overcome. Although AD from seaweeds 64 
is technically proven, the optimisation of the process is still under research [21]. Efficient 65 
cultivation and harvesting are prerogatives in order to exploit the full potential of macroalgae 66 
especially on a larger scale for biofuel production [2, 7, 18, 22]. Several studies analysed the 67 
economics and the main advantages and drawbacks related to the use of seaweeds for 68 
biofuels along the entire supply chain [23, 24]. 69 
The use of seaweeds for biogas production through AD has been evaluated by several works 70 
in the literature [21, 25], with yields of up to 400 ml g
-1
VS of methane in the case of brown 71 
seaweed Laminaria sp. [26]. The methane yields can be optimised by using a pretreatment 72 
step prior to AD. In particular, the use of a mechanical pretreatment can be a viable route for 73 
seaweed [21]. The main effect of a mechanical pretreatment is to facilitate the hydrolysis 74 
phase by increasing the substrate specific surface area and thus an increased access for 75 
degrading enzymes [27]. In general, the main drawback related to this kind of pretreatment is 76 
the high energy demand that in the case of seaweed it is believed to be lower due to the lack 77 
of lignin [28]. The beating pretreatment for seaweed biomass was investigated by Tedesco et 78 
al. [29] who showed an enhancement in biogas and methane yields of 52% and 53% 79 
respectively from Laminaria sp. While, considering different mechanical pretreatments, 80 
Montingelli et al. [30] showed that beating pretreatment on Laminaria sp. was able to 81 
promote the start of the AD and reduce the incubation time while microwave and ball milling 82 
pretreatment had a negative effect on methane yields. 83 
Amongst all the parameters which influence the biogas yields, the substrate concentration is 84 
one of the most crucial [31]. It is known that an excessive substrate concentration leads to 85 
imbalances in the bacterial population, leading to VS accumulation and digester failure [32]. 86 
On the other hand, excessively low substrate concentration can result in starving conditions 87 
within the digester and a consequent reduced methane generation [33]. In the case of 88 
seaweeds, suitable substrate concentration must be investigated according to the nature and 89 
composition of the seaweed species [21].  90 
In the case of seaweed biomass, gas yields are also related to the level of storage sugars; and, 91 
as these vary with season, gas yields will vary [7]. It is necessary that seaweed is harvested 92 
when the sugar content is highest, making the seasonality an important factor affecting the 93 
economics of the system [34]. However, very few studies in the literature investigated the 94 
methane production through AD from Laminaria sp. at different periods of harvesting, in 95 
Ireland [35].  96 
Considering the beneficial effect of beating pretreatment on Laminaria sp. [29, 30], this 97 
experimental study evaluated the impact of beating pretreatment and substrate concentration 98 
on AD of the brown seaweed Laminaria sp., at different harvesting times, in Ireland. The 99 
pretreatment phase was tested in terms of beating time, while the substrate concentration was 100 
considered in terms of VS concentration. The response surface methodology (RSM) approach 101 
was used. This method allowed evaluating the possible interaction of influencing parameters 102 
on AD by limiting the number of planned experiments. The aim was to identify the best 103 
period of harvesting in Ireland, in conjunction with the best condition of organic substrate 104 
concentration and pretreatment phase. An energy evaluation for each harvesting period was 105 
also carried out.  106 
2. MATERIALS AND METHODS 107 
2.1 Feedstock and inoculum 108 
Samples of a mixture of Laminaria sp. (Laminaria digitata, Saccharina latissima and 109 
Laminaria hyperborea) were manually collected on shore in Howth (Dublin, Ireland), in 110 
order to reproduce the case of harvesting readily biomass available on the beach. The 111 
biomass was harvested three times along a year, in the following format: in early May 2014, a 112 
sample was collected as representative of the end of spring and start of summer season; in 113 
November 2014, a sample was collected as representative of the end of autumn and start of 114 
winter season; in March 2015, a sample was collected as representative of the end of winter 115 
and start of spring season.  116 
For each month, before beating pretreatment, fresh seaweeds were roughly cut without 117 
washing. For each collection, Table 1 reports the total solids (TS) and volatile solids (VS) 118 
analysis of the mixture of Laminaria sp. 119 
 120 
Table 1: TS and VS analysis 121 
Period TS (% Wt on wet basis) VS (% Wt of TS) 
May 2014 14±1 66±8 
November 2014 19±2 84±1 
March 2015 13±2 74±1 
 122 
Sewage sludge was used as source of inoculum [36]. The sludge was collected from the 123 
Ringsend wastewater treatment plant (Celtic Anglian Water Ltd.), Dublin, Ireland operating 124 
at mesophilic temperature. Once collected from the plant, the inoculum was immediately 125 
used and not allowed to degasify. Sludge-only samples were digested and the amount of 126 
biogas produced was subtracted from the seaweed-sludge yields. The analysis revealed total 127 
solids (TS) content of 3.6 ± 0.5% Wt on its wet basis, a volatile solids (VS) concentration of 128 
79.5 ± 4% Wt on its dry basis and a pH value equal to 8.0 ± 0.1. The Total COD (Chemical 129 
Oxygen Demand) and Soluble COD were found equal to 60.15 ± 6.8 g O2 L
-1
 and 5.8 ± 0.42 130 
g O2 L
-1
 respectively 131 
2.3 Anaerobic biodegradability 132 
A batch system, as reported in [30], was used as the AD experiment set-up. The bioreactors 133 
consisted of borosilicate glass flasks of 500 ml in capacity. Each bioreactor was filled with 134 
200 ml of treated seaweed and tap water with different amounts of seaweed, in order to reach 135 
the VS concentrations under investigation (1%, 2.5% and 4%,) and 200 ml solution of 136 
inoculum and tap water at a constant VS concentration of 3%. In particular, the loading of the 137 
beating machine was adjusted in order to have an algal VS concentration of 4% of the total 138 
machine’s working weight. Samples were then adjusted by water dilution in order to achieve 139 
the desired concentration. Each bioreactor had a total working volume of 400 ml. Thus, the 140 
Food to Inoculum ratios (F:I) tested were 0.34, 0.83 and 1.34 for the bioreactor at 1%, 2.5% 141 
and 4% respectively.  142 
After inoculum addition, the pH for each sample was measured by using a Hanna precision 143 
pH meter (accuracy ± 0.01), model pH 213. All the samples exhibited an initial pH in the 144 
range between 7 and 8 ± 0.01. Samples of untreated seaweed for each different VS 145 
concentration tested were also included. Samples of sludge-only were prepared with 200 ml 146 
of inoculum and 200 ml of tap water in order to obtain a total working volume of 400 ml. The 147 
amount of biogas produced by sludge-only samples was then subtracted from the co-digesting 148 
yields in order to evaluate the algal contribution. All samples were carried out in duplicates. 149 
The reactors were then sealed with borosilicate glass adapters equipped with controlled gas 150 
opening valves and purged with nitrogen flow for 5 minutes in order to achieve anaerobic 151 
conditions. The incubation time was set at 14 days. The biogas produced during the digestion 152 
was collected in airtight Linde plastic-gas bags and measured after 6 days and at the end of 153 
digestion. At each collection the biogas volume was measured by using gas sampling tubes 154 
which were installed in a gas jar with confining liquid according to procedure VDI 4630 [36]. 155 
Water baths were used to incubate the reactors at an operating mesophilic temperature of 38 156 
± 1°C. During incubation, the bioreactors were shaken manually once a day. A biogas 157 
analyser, model Drager X-am 7000, was used to verify that the system was anaerobically 158 
isolated, and to measure the percentages of CH4 and CO2 in the biogas. 159 
2.4 Response surface methodology (RSM) 160 
A face-centred central composite design (FCCD) involving two numeric factors (A: time of 161 
pretreatment and B: VS concentration) was adopted as RSM. This design was replicated three 162 
times over a year, according to different harvesting months as reported in Section 2.1. The 163 
levels’ values for each variable were set as shown in Table 2.  164 
Table 2: Variables matrix 165 
Variable under investigation-
Factor 
Levels Response 
A: VS concentration [%] 1. 1% 
2. 2.5% 
3. 4% 
 
Methane production  
[ml g
-1
 VS] 
B: Beating time [min] 1. 5 min 
2. 10 min 
3. 15 min 
 166 
The levels’ values were selected by considering previous studies on the subject [29, 31]. 167 
According to these studies, a centre point at 10 min and 2.5 % of VS concentration was also 168 
selected. Therefore, a total of 13 experiments were carried out for each harvesting month, 169 
with the first 9 experiments organized in a 3
2
 full factorial design and the remaining 4 170 
involving the replications of the centre point. The analysis of variance (ANOVA) was used in 171 
order to check the adequacy of the model developed and to obtain the interaction between the 172 
process variables and the response. The quality of the polynomial model fit was expressed by 173 
the coefficient of determination R
2
, and its statistical significance was checked by the 174 
Fisher's F-test.  Model terms were evaluated by the p-value with 95% confidence level (α = 175 
0.05). The statistical analysis was carried out by using the Design-Expert software (version 176 
9.0.3.1). 177 
2.5 TS and VS analysis 178 
The TS amount was determined by drying the samples at 105°C until constant weight, while 179 
the VS fraction was assessed through combustion of a known weight dried sample at 575 ± 180 
25°C overnight, according to standard methods (NREL/MRI LAP 1994, 2008) [37, 38].  181 
2.6 Beating pretreatment 182 
Beating was performed as mechanical pretreatment using a Hollander beater, model Reina. 183 
This kind of machine was originally built for the pulp and paper industry. It was equipped 184 
with a crank handle which allowed adjustment of the gap between the drum’s blades and the 185 
bed-plate. The minimum gap achievable was 76 µm, which corresponded to one single turn 186 
of the crank handle. In general, the machine performs two main actions; (a) - cutting action 187 
caused by the grooves located on the bed-plate, and (b) - high pressure beating action of the 188 
feedstock against an inclined plate placed at the exit-out of the drum. The drum of the 189 
machine permitted a constant rotational speed of 580 rpm. Even though, the machine was 190 
capable to operate both wet and dry biomass, it was necessary to add tap water in order to 191 
cause the recirculation of the feedstock. The result was a pulp of different consistencies 192 
according to the gap and the processing time applied. In this experimental work, the machine 193 
was operated at the minimum gap of 76 µm for each level of beating time (5, 10, 15 min) 194 
under investigation. 195 
 196 
2.7 Total and soluble COD 197 
Total (tCOD) and soluble COD (sCOD) were determined through the colorimetric method. 198 
For COD analysis the procedure followed is reported as Method 8000 for water, wastewater 199 
and seawater by Hach Lange Company. The measurements were carried out using Hach 200 
standard kit (range 0-1500 mg L
-1
, Hach Lange, Düsseldorf, Germany) and a Hach Lange 201 
DR2000 spectrometer to read the samples. Prior to sCOD determination, a vacuum filtration 202 
through a glass microfiber filter (1.5 µm of pore size) at first and then through a membrane 203 
filter (0.1 µm of pore size) was performed. Both tCOD and sCOD were determined by 204 
diluting the samples at a dilution factor of 1:100. The initial and final sCOD were measured 205 
before the samples were subjected to anaerobic conditions and at the end of the incubation 206 
time respectively.  207 
2.8 Energy balance calculation method 208 
The following formulas, as reported in [30], were employed in order to calculate the energy 209 
balance related to the use of the mechanical pretreatment. 210 
𝐵𝑆 = 𝐶𝐻4 [%] ∗ (9.67/97) (1) 
In the above equation, Bs [kWh m
-3
] is the energy content of the biogas produced by seaweed 211 
and CH4 [%] is the average methane content of the biogas produced by seaweed at each 212 
collection. A reference value of 9.67 kWh at 97% of methane was used [39, 40], in order to 213 
calculate the energy content of the biogas produced. 214 
𝐸𝑝 =  𝐵𝑝 ∗ 𝐵𝑠 (2) 
In the above equation, Ep [Wh g
-1
VS] is the energy generated from the biogas produced from 215 
1 g of VS of seaweed and Bp [m
3
 g
-1
VS] is the quantity of biogas produced for each gram of 216 
VS of seaweed. 217 
𝐸𝐶 =  𝐸𝑝𝑡 𝑉𝑆𝑚⁄  (3) 
In the above equation, EC [Wh g
-1
VS] is the electricity consumed by the pretreatment in order 218 
to process 1 g of VS of seaweed, Ept [Wh] is the electricity consumed during the pretreatment 219 
measured by a kilowatt hour meter (Prodigit Model 2000MU-UK plug-in power, accuracy 220 
0.5%), VSm [g] is the total amount of VS into the machine. 221 
𝑁𝑒𝑡 𝐸𝑃 =  𝐸𝑃 − 𝐸𝐶 (4) 
In the above equation, the Net EP [Wh g
-1
VS] is the energy produced by 1 g of VS of 222 
seaweed treated. In the case of untreated seaweed the EC term was equal to zero since no 223 
mechanical pretreatment was applied. 224 
𝐸𝑛𝑒𝑟𝑔𝑦 𝐺𝑎𝑖𝑛 [%] =  
(𝑁𝑒𝑡 𝐸𝑃)𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 −  𝐸𝑃𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑
𝐸𝑃𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑
∗ 100 (5) 
The Energy Gain [%] is the difference in percentage between the energy provided by the 225 
biogas produced from treated seaweed (Net EP)pretreatment and the energy from the biogas 226 
provided by the untreated seaweed EPuntreated. The Energy Gain was negative when the 227 
EPuntreated term is > than the (Net EP)pretreatment term, which meant that the use of the 228 
pretreatment caused a loss of energy compared to the case of untreated seaweed. 229 
3. RESULTS AND DISCUSSION 230 
3.1 Methane production 231 
In general, the results showed that the effect of pretreatment is different according to the 232 
harvesting period and the VS concentration. Tables 3-4-5 and Figure 1 report the cumulative 233 
methane yields achieved when the seaweed was subjected to AD for 14 days at different 234 
experimental combinations in May 2014, November 2014, and March 2015. The best results 235 
were achieved when the material was harvested in November 2014 (Table 4, Figure 1-b). In 236 
this period, the highest methane yield recorded was 342 ± 17 ml g
-1
 VS after 5 min of 237 
pretreatment and at a VS concentration of 1%. This corresponded to 59% and 43% more 238 
methane compared to the best yields achieved in March and May respectively. In the same 239 
period, an average of 220 ± 26 ml CH4 g
-1
 VS was registered for the other experimental 240 
conditions. At 2.5% of VS a general enhancement between 19-28% was observed, while 241 
negligible enhancements were recorded at 4% of VS with respect to the untreated samples. 242 
The lowest methane yields were registered in March (Table 5, Figure 1-c). In particular, at 243 
4% of VS a failure of the digester was observed since negligible levels of methane and very 244 
high percentages (70-80%) of CO2 were detected. This was also confirmed by the high levels 245 
of sCOD registered at 14 days of digestion as well as an average pH of 6.71 ± 0.04, which 246 
was too low in order to allow methane production. These were all signs of an unbalanced 247 
digestion caused by an overloading of the digester [41]. On the other hand, the other samples 248 
exhibited an average of 163 ± 28 ml CH4 g
-1
 VS, with a peak of 215 ± 9 ml CH4 g
-1
 VS. Even 249 
though March was characterised by the lowest yields, a general enhancement of methane 250 
after beating pretreatment was recorded. Samples at 1% of VS showed an increase of 251 
methane with respect to the untreated sample from 13% up to 22%, while the best methane 252 
enhancement of 47% was achieved at 2.5% of VS and after 15 min of pretreatment. Results 253 
from May (Table 3, Figure 1-a) suggested that the use of a pretreatment step did not allow a 254 
high enhancement of methane yield during this period. The seaweed harvested during this 255 
month showed around 9% more methane than the untreated samples, only at 2.5 % of VS and 256 
after 10 and 15 min of beating. 257 
Table 3: Methane, Biogas yields, sCOD in May 2014 258 
Sample 
Initial sCOD 
[g O2 L
-1
] 
Final sCOD 
[g O2 L
-1
] 
CH4 
[ml g
-1
 VS] 
Biogas 
[ml g
-1
 VS] 
VS 
[%] 
BT 
[min] 
1 0 N.A. N.A. 236±6 482±8 
1 5 5.08±0.48 2.7±0.33 167 ± 23 402±20 
1 10 4.78±0.28 2.08±0.38 210 ± 7 491±10 
1 15 5.03±0.36 2.68±0.27 201 ± 20 463±25 
      
2.5 0 N.A. N.A. 221±26 451±24 
2.5 5 5.63±0.61 2.80±0.46 208 ± 5 433±1 
2.5 10 6.30±0.21 2.93±0.29 238 ± 20 494±22 
2.5 15 5.53±0.96 2.2±0.55 240 ± 8 615±7 
      
4 0 N.A. N.A. 217±20 413±18 
4 5 7.60±0.39 5.8±0.26 86 ± 12 222±23 
4 10 7.53±1.13 4.63±0.49 139 ± 22 317±26 
4 15 7.08±0.79 4.58±0.68 185 ±17 374±25 
 259 
Table 4: Methane, Biogas yields, sCOD in November 2014 260 
Sample 
Initial sCOD 
[g O2 L
-1
] 
Final sCOD 
[g O2  L
-1
] 
CH4 
[ml g
-1
 VS] 
Biogas 
[ml g
-1
 VS] 
VS 
[%] 
BT  
[min] 
1 0 N.A. N.A 138±15 345±11 
1 5 4.70±0.21 3.32±0.20 342±17 855±25 
1 10 4.31±1.32 3.39±0.04 283±26 708±15 
1 15 3.41±0.21 3.08±0.01 197±14 493±20 
      
2.5 0 N.A N.A. 172±20 430±22 
2.5 5 8.23±0.53 3.46±0.03 220±3 523±6 
2.5 10 10.15±0.39 2.91±0.02 207±7 467±21 
2.5 15 9.41±0.56 3.26±0.38 204±10 493±8 
      
4 0 N.A. N.A. 209±17 502±20 
4 5 11.75±0.84 3.67±0.06 212±17 512±12 
4 10 12.43±0.28 3.55±0.23 202±23 485±21 
4 15 12.30±0.39 3.10±0.15 212±16 514±5 
 261 
 262 
Table 5: Methane, Biogas yields, sCOD in March 2015 263 
 264 
Sample 
Initial sCOD 
[g O2 L
-1
] 
Final sCOD 
[g O2 L
-1
] 
CH4 
[ml g
-1
 VS] 
Biogas 
[ml g
-1
 VS] 
VS 
[%] 
BT  
[min] 
1 0 N.A. N.A 139±10 490±22 
1 5 6.48±0.15 4.75±0.35 157±13 506±16 
1 10 6.04±0.02 3.5±0.70 182±11 564±23 
1 15 6.20±0.03 2.35±0.25 169±7 533±19 
      
2.5 0 N.A. N.A. 146±3 418±23 
2.5 5 9.43±0.01 3.45±0.85 120±6 314±12 
2.5 10 9.88±0.02 4.20±0.50 177±15 540±7 
2.5 15 8.80±0.08 1.85±0.05 215±9 576±20 
      
4 0 N.A. N.A. 20±5 269±24 
4 5 12.78±0.20 16.15±1.05 20±5 228±19 
4 10 12.35±0.13 18.45±0.25 25±3 224±6 
4 15 12.80±0.38 14.25±0.65 15±3 227±23 
 265 
  266 
 267 
 268 
 269 
Figure 1: Methane yields in May 2014(a); 3, November 2014(b); 4, March 2015(c) 270 
 271 
3.2 Model estimation 272 
The ANOVA (Tables 6, 7, 8) for each period estimated that the models adopted were 273 
significant. According to the harvesting period, different terms were estimated significant. It 274 
is worth noting that for all periods the A (VS concentration) and A
2
 terms were estimated 275 
significant, while the B term (beating time) was significant only in May and a significant 276 
interaction AB was found only in November. For each experiment, the estimated model was 277 
able to fit the data since the ‘Lack of Fit’ p-value was <0.05. Also the values of R2, adjusted 278 
R
2
 (Adj. R
2
) and predicted R
2
 (Pred. R
2
) were all close to 1, indicating good regression 279 
models. 280 
  281 
Table 6: ANOVA May 2014 282 
 283 
Source 
Sum of 
Squares 
df 
Mean 
Square 
F 
Value 
p-value 
Prob > F 
 
Model 28262.97 5 5652.59 20.76 0.0005 significant 
A: VS [%] 4704.00 1 4704.00 17.28 0.0043  
B: BT [min] 4537.50 1 4537.50 16.66 0.0047  
AB 1056.25 1 1056.25 3.88 0.0895  
A
2
 12194.84 1 12194.84 44.79 0.0003  
B
2
 793.34 1 793.34 2.91 0.1316  
Residual 1905.96 7 272.28    
Lack of Fit 577.96 3 192.65 0.58 0.6585 
Not 
significant 
Pure Error 1328.00 4 332.00    
Cor Total 30168.92 12     
R
2
 =0.9368; Adj. R
2
 =0.8917; Pred. R
2
=0.7421; Adeq. Precision=14.781 284 
 285 
Table 7: ANOVA November 2014 286 
 287 
Source 
Sum of 
Squares 
df 
Mean 
Square 
F 
Value 
p-value 
Prob > F 
 
Model 20541.20 5 4108.24 63.08 <0.0001 significant 
A: VS [%] 6402.67 1 6402.67 98.31 <0.0001  
B: BT [min] 128.00 1 128.00 1.97 0.2037  
AB 5256.25 1 5256.25 80.71 <0.0001  
A
2
 3498.03 1 3498.03 53.71 0.0002  
A
2
B 1064.08 1 1064.08 16.34 0.0049  
Residual 455.88 7 65.13    
Lack of Fit 223.88 3 74.63 1.29 0.3931 
Not 
significant 
Pure Error 232.00 4 58.00    
Cor Total 20997.08 12     
R
2
 =0.9783; Adj. R
2
 =0.9628; Pred. R
2
=0.8538; Adeq. Precision=26.643 288 
 289 
Table 8: ANOVA March 2014 290 
 291 
Source 
Sum of 
Squares 
df 
Mean 
Square 
F 
Value 
p-value 
Prob > F 
 
Model 55938.59 4 13984.65 30.73 <0.0001 significant 
A: VS [%] 33450.67 1 33450.67 73.50 <0.0001  
B: BT [min] 1734.00 1 1734.00 3.81 0.0867  
A
2
 15621.55 1 15621.55 34.33 0.0004  
B
2
 346.88 1 346.88 0.76 0.4081  
Residual 3640.64 8 455.08    
Lack of Fit 2917.84 4 729.46 4.04 0.1026 
Not 
significant 
Pure Error 722.80 4 180.70    
Cor Total 59579.23 12     
R
2
 =0.9389; Adj. R
2
 =0.9083; Pred. R
2
=0.7768; Adeq. Precision=13.898 292 
 293 
For each group of data the software yielded the following model equations in terms of coded 294 
factors (Table 9). 295 
 296 
Table 9: Variables’ coded factors 297 
 298 
 Coded factors 
Variable -1 0 +1 
A: VS concentration [%] 1 2.5 4 
B: Beating time [min] 5 10 15 
 299 
Each equation showed the methane yield (Y) as a function of the independent variables A 300 
(VS concentration) and B (beating time) for the experiment in May (Eq. 6), November (Eq. 301 
7) and March (Eq. 8) respectively. 302 
 303 
Y = + 242.41 – 28.00 A + 27.50 B + 16.25 AB – 66.45 A2 –16.95 B2 (6) 
Y = + 208.43 – 32.67 A – 8.00 B + 36.25 AB + 32.90 A2 – 28.25 A2B (7) 
Y = + 177.34 – 74.67 A + 17.00 B – 75.21 A2 –11.21 B2 (8) 
By considering the coefficients of each equation, it is possible to notice that the extent of 304 
impact for each term was different according to the harvesting time. In May (Eq. 6) the 305 
highest impact was represented by the quadratic term A
2
, while the impacts on methane yield 306 
of the A (VS concentration) and B (beating time) terms had the same magnitude. In 307 
November (Eq. 7), all the significant terms (A, AB, A
2
, A
2
B) had the same extent of impact, 308 
while in March (Eq. 8) the most important impacts were represented by the A term and the 309 
quadratic term A
2
. In general, all experiments showed that the VS concentration had a strong 310 
impact, while the beating time had a relative minor impact on methane yield.  311 
The final equations in terms of actual factors in May (Eq. 9), November (Eq. 10) and March 312 
(Eq. 11) respectively are reported below: 313 
 314 
Y = + 35.88 + 107.33 A + 13.64 B + 2.17 AB – 29.53 A2 – 0.68 B2 (9) 
Y = + 648.05 – 268.79 A – 29.38 B + 17.39 AB + 39.74 A2 – 2.52 A2B (10) 
Y = + 14.05 + 117.35 A + 12.37 B – 33.43 A2 – 0.45 B2 (11) 
The resulting surfaces for each experiment and the correspondent contour plots are presented 315 
in Figures 2-3-4. All graphs showed better yields when the VS concentration was below 316 
2.5%. Besides, both contour surfaces related to May and March presented a similar curvature 317 
with longer treatment times having a positive effect on the response. This kind of trend was 318 
not detected for the material harvested in November as the optimum region was characterised 319 
by a shorter treatment time. 320 
 321 
  322 
  323 
 324 
 325 
Figure 2: Response surface and contour plot of May 2014 experiment 326 
 327 
 328 
  329 
 330 
Figure 3: Response surface and contour plot of November 2014 experiment 331 
 332 
 333 
     334 
 335 
Figure 4: Response surface and contour plot of March 2015 experiment 336 
 337 
The perturbation plots (Figure 5) showed similar trends for material harvested in May (Figure 338 
5-a) and March (Figure 5-c), even though the methane yields were different. The curvature 339 
related to the VS concentration (A) meant that this factor impacted more on the response than 340 
the beating time (B). In particular, the methane yield was at the highest levels when the VS 341 
concentration was below the centre point (2.5%) while it decreased for higher values of VS. 342 
In November (Figure 5-b) there was a methane decrease while increasing the VS 343 
concentration over 2.5%; however such decrease resulted to be less important than in May 344 
and March.  345 
Regarding the beating time, this had a stronger effect in May rather than in March, even 346 
though the general trend for these two months was an increase of methane with the time of 347 
pretreatment. Unlike May and March, the material harvested in November showed a decrease 348 
in methane yields while increasing the beating time. However the overall effect of the beating 349 
time was not statistically significant. 350 
  351 
(a) 352 
 353 
(b)  354 
 355 
(c)  356 
 357 
 358 
 359 
Figure 5: Perturbation plots in May 2014 (a), November 2014 (b) and March 2015 (c) 360 
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 361 
From the AB interaction plots (Figure 6) relative to May and November experiments, it was 362 
interesting to note that in both months, the response at 15 min was not affected by the VS 363 
concentration, while the predictions at 5 min of pretreatment were statistically significant. 364 
This means that when reducing the beating time up to 5 min, a reduction in VS concentration 365 
up to 1% was beneficial for the process, more in November than in May. When the VS 366 
concentration was set at 4%, in May an increase of beating time determined an increase of 367 
methane; while in November the pretreatment time did not have any significant effect.  368 
 369 
(a) 370 
 371 
(b) 372 
 373 
Figure 6: AB interaction plots in May (a), November (b) 374 
 375 
3.3 Energy Evaluation 376 
In general, AD from seaweeds was proven to be a valuable option from an energy point of 377 
view [42]. The use of a mechanical pretreatment is justified when it benefits the system by 378 
increasing the methane yield or lowering the digestion time. The achieved advantages must 379 
be large enough in order to make up for the energy consumed by the pretreatment and 380 
eventually generate more energy with respect to the scenario without pretreatment [43, 44]. 381 
Thus, a simple calculation based on the electricity consumption of the beating pretreatment 382 
measured during each experiment was carried out, according to Section 2.6. 383 
The average methane perecentage measured for each experiment was used as biogas methane 384 
content. The machine energy consumption was measured during the experiment and 385 
expressed in Wh for gram of VS, according to the optimum VS concentration found for each 386 
experiment. The results are reported in Table 10. 387 
According to this analysis, May was the only month during which the use of the beating 388 
pretreatment was not convenient, while a positive energy gain was achieved both in 389 
November and March. November and more so in general the autumn season, was the most 390 
suitable period to harvest Laminaria sp. for biogas production. In the same period, optimised 391 
conditions of VS concentration and beating time (1%, 5 min), would allow the highest 392 
increase in terms of energy production.  393 
Even though the lowest methane yield was observed in March, the energy evaluation showed 394 
that there was a benefit in using the beating pretreatment. The extra methane produced after 395 
pretreatment with respect to the untreated sample, could make up for the energy consumed 396 
during the treatment and produce an extra energy of 26%.  397 
If the biogas from seaweed biomass was used to produce only electricity at an efficiency of 398 
ɳ=30% [45], only during autumn the use of beating pretreatment would cause an increase of 399 
energy up to 32% compared to the untreated scenario at optimised conditions. 400 
 401 
Table 10: Energy evaluation experiments 2 (May 2014), 3 (November 2014) and 4 (March 402 
2015) 403 
 404 
 May November March 
Treated 
   
Best treatment condition VS=2.5% 
BT=15 min 
VS=1% 
BT= 5 min 
VS=2.5% 
BT= 15 min 
Biogas produced [ml g
-1
VS] 615 855 576 
Average CH4 [%] 39 40 37 
BS: Biogas energy content 
[kWh m
-3
] 
3.89 3.99 3.69 
EP: Produced energy 
[Wh g
-1
 VS] 
2.39 3.41 2.12 
EP: Produced energy at ɳ=30% 
[Wh g
-1
 VS] 
0.72 1.02 0.64 
EC: Machine electricity 
consumption [Wh g
-1
 VS] 
0.24 0.20 0.24 
Net EP: Net produced energy 
[Wh g
-1
 VS] 
2.16 3.21 1.89 
Net EP: Net produced energy 
[Wh g
-1
 VS] at ɳ=30% 
0.48 0.82 0.40 
Untreated 
   
Best untreated condition VS=1% VS=4% VS=2.5% 
Biogas produced [ml g
-1
VS] 482 502 418 
Average CH4 [%] 50 41.6 35.9 
BS: Biogas energy content 
[kWh/m
3
] 
4.98 4.15 3.58 
EP: Produced energy  
[Wh g
-1
 VS] 
2.40 2.08 1.50 
EP: Produced energy at ɳ=30% 
[Wh g
-1
 VS] 
0.72 0.62 0.45 
Energy Gain/Loss [%] -10 54 26 
Energy Gain/Loss [%] at 
ɳ=30% 
-33 +32 -10 
 405 
3.4 Discussion 406 
 407 
Very few studies in the literature investigated the methane production through AD from 408 
Laminaria sp. at different periods of harvesting [35]. It is known that the seasonal fluctuation 409 
of Laminaria sp. components influences the methane conversion of this kind of seaweed [34, 410 
35]. In Ireland, the influence of the organic substrate concentration and the pretreatment 411 
phase when harvesting the seaweed at different periods of the year was not investigated to 412 
date. In general, the main carbohydrates in Laminaria sp. are mannitol, laminarin and alginic 413 
acid. Alginic acid, also called alginate, is a polysaccharide widely distributed in the cell walls 414 
of brown seaweed while laminarin and mannitol are the major carbon storage compounds in 415 
monomeric (mannitol) or polymeric (laminarin) form [46]. During AD, mannitol is utilised 416 
more efficiently than the polymers laminarin and alginic acid [35]. According to Schiener et 417 
al. [34], the average mannitol content in Laminaria digitata, Laminaria hyperborea and 418 
Saccharina latissima was at 19.4 ± 6.6, 17.5 ± 7.4, and 18.6 ± 4.7%, respectively and the 419 
average laminarin content for the same species accounted for 6.7 ± 6.0, 7.4 ± 8.0, 8.2 ± 5.3 % 420 
of the dry weight. During autumn, the highest mannitol levels of 24-27% were observed 421 
while the lowest levels of 6–8 % were recorded in early spring. Laminarin followed a similar 422 
trend rising to its highest levels during the summer and autumn months (25 % max. in 423 
Laminaria hyperborea) and dropping to its lowest levels (1-3 %) in winter [34]. Alginate 424 
formed the majority of the carbohydrate content accounting for 34.6 ± 3.1, 33.2 ± 3.8 and 425 
28.5 ± 3.9 % of the dry weight in Laminaria digitata, Laminaria hyperborea and Saccharina 426 
latissima, respectively. In accordance with the levels of mannitol and laminarin reported by 427 
Schiener et al. [34], the highest yields of methane were recorded during autumn (November) 428 
which corresponded to the peak for laminarin and mannitol content, while the lowest 429 
recordings corresponded to early spring (March), when the carbohydrates content was 430 
reported at its minimum. In a study conducted in the UK by Adams et al. [35], the highest 431 
methane yield of 254.14 ± 6.21ml g
-1
 VS was reported in July when the macroalgae presented 432 
the highest combined proportion of mannitol and laminarin in conjunction with lowest 433 
concentration of ash and alkali metals. The current study found out a higher methane yield up 434 
to 35% of extra methane in November, by using the beating pretreatment for 5 min and at 1% 435 
of VS. According to Adams et al.’s result [35], July represented the best month for harvesting 436 
while in this investigation higher methane yields were achieved in November, by optimising 437 
the beating pretreatment and the VS concentration. However, it must be noticed that this 438 
study did not consider an experiment in July. It could be interesting to apply the same 439 
experimental conditions for material harvested in July in order to verify if it is possible to 440 
reach a further increase in methane yield. During November the statistical analysis estimated 441 
that the joint action of the VS concentration and the beating time affected significantly the 442 
methane response. The RSM analysis showed that a reduction of beating time up to 5 min 443 
determines a dramatic enhancement of methane at 1% of VS, which is not detected at 4% of 444 
VS. This meant that during autumn, it was necessary to vary these two factors simultaneously 445 
in order to optimise the process. 446 
This study reported the lowest yields in March in accordance with Adams et al. [35]. The best 447 
yield of 215 ± 9 ml CH4 g
-1
 VS was measured at 2.5% of VS and after 15 min of beating 448 
treatment with an increase of almost 10% with respect to Adams et al.’s result [35]. During 449 
this month, Laminaria sp. is generally characterised by low concentrations of carbohydrates. 450 
In proportion, high concentrations of alginic acid were observed in conjunction with low 451 
mannitol and laminarin concentrations. Alginic acid is known to have a slower hydrolysation 452 
rate than mannitol and laminarin [35]. Therefore, low levels of mannitol, laminarin, and slow 453 
alginate hydrolysation rate were likely to be the reasons of the lower methane yields observed 454 
during this month. Unlike other months, in March, the only parameter which had a strong 455 
impact on the methane response was the VS concentration. This was the only experiment 456 
characterised by a severe failure of the digester at 4% of VS. This suggested that in March, 457 
the choice of the VS concentration was a major issue in order to optimise the process.  458 
In May, an increased methane yield of 14% with respect to Adams et al.’s result [35] was 459 
observed after 10 min of pretreatment and at 2.5% of VS. However, it must be noticed that it 460 
was not observed much improvement with respect to the untreated sample. The yields during 461 
this period resulted to be higher than those registered in March, but still lower than the yields 462 
measured in autumn. This trend is also confirmed by Adams et al.’s work [35]. Also in this 463 
case, the methane yield reflected the levels of the algal carbohydrates, which were observed 464 
to be not as high as during autumn and not so low as in winter or early spring.  465 
In general, for all the harvesting periods, the higher methane yields were observed at an 466 
optimum VS concentration below 2.5%. Autumn was the best harvesting period in order to 467 
exploit Laminaria sp. as feedstock for AD. During this period, the system would benefit the 468 
most by applying the beating pretreatment. The energy balance calculated an energy gain of 469 
54%, in accordance with Tedesco et al. [47] who also used the beating pretreatment. In 470 
particular, short pretreatment times were sufficient in order to obtain the best methane yields; 471 
this would also be beneficial for the economics of the process. Even though early spring 472 
represented the worst period for harvesting Laminaria sp., it was possible to improve the 473 
system performance by applying the beating pretreatment and optimising the VS 474 
concentration. In particular, an interesting finding is that the extra methane produced after 475 
pretreatment could make up for the energy consumed during the treatment and produce an 476 
extra energy of 26%. 477 
In this discussion, it was underlined that the seaweed carbohydrates levels affect the methane 478 
production. For a better understanding of such matter, the next section provides a brief 479 
discussion about the Irish environmental factors which seasonally affect the seaweed 480 
carbohydrates levels.   481 
  482 
3.4.1 Discussion on environmental factors 483 
It is known that amongst the major environmental factors affecting seaweeds chemical 484 
composition are light, temperature, salinity, water motion and nutrient availability [48]. High 485 
light intensities increase the rate of photosynthesis and the polysaccharide production [49] 486 
and a positive correlation exists between temperature and carbohydrates content [50]. Light 487 
quantity and quality depend on season, depth and turbidity. The turbidity affects negatively 488 
the seaweeds carbohydrates content since determines a reduction in irradiance [48, 51]. This 489 
factor is influenced by fast tidal motions [52], nutrient availability and pollution [48]. In 490 
particular, the Irish Sea is characterised by very high turbid seawater, especially during 491 
winter [52, 53] due to the strongest winds generally registered in this season. The data 492 
regarding the solar radiation registered in Dublin over several years revealed a peak between 493 
May and August, while declining from December up to February (Table 11). Regarding the 494 
sea temperature, highest temperatures were registered between July and November and the 495 
lowest between winter and spring (Figure 7). In this case, it is worth noting that highest and 496 
lowest temperatures occur later in the year at sea than overland since water takes longer to 497 
warm up and cool down. In general, sea temperatures are higher than those of the air during 498 
winter, while the reverse is the case during summer months. By comparing the air 499 
temperatures with sea temperatures [54, 55], the temperature trends are shift of one month 500 
between each other. For instance, while for the air temperature the peak is generally 501 
registered in July, for sea temperatures the peak is registered in August. 502 
 503 
Table 11: Global Solar Radiation in Joules cm
-2
 for Dublin [55] 504 
 505 
 Year 
Month 2012 2013 2014 2015 Mean 
Jan 7580 5909 6508 8749 7228 
Feb 12456 12106 14654 13203 12761 
Mar 28991 19993 25421 29537 25705 
Apr 37313 40281 42869 47485 39407 
May 51564 55706 45343 51364 52530 
Jun 46884 59657 57067 60157 52648 
Jul 48889 61855 54042 48312 50860 
Aug 40767 43342 42419 44488 42506 
Sep 33093 31714 31993 32290 30043 
Oct 16838 15960 19354 17342 18168 
Nov 10753 10184 8050 7486 8935 
Dec 6187 6146 6317 4743 5550 
Annual 341315 362853 354037 365156 346340 
 506 
 507 
 508 
 509 
Figure 7: Average sea temperatures for Dublin over several years of archived data [54] 510 
 511 
According to these data, it is likely that the seaweed biomass stores the main carbohydrates 512 
during summer due to high solar radiations and temperatures, and then consumes them during 513 
winter for tissue growth. Therefore, by considering the Irish climate, summer and autumn are 514 
in general the best harvesting periods of Laminaria sp. for bioenergy exploitation, since the 515 
seaweed is rich of carbohydrates stored during summer months thanks to higher solar 516 
radiation and temperatures that are generally recorded in these months, while in early spring 517 
(March) the biomass is poor of nutrients due to the consumption during winter months.  518 
May is generally characterised by high solar radiation and high sea temperatures. In this case 519 
though, methane yields as high as in autumn were not observed probably due to the fact that 520 
the seaweed had not already reached high levels of carbohydrates. This resulted in higher TS 521 
(19 ± 2% Wt on wet basis), VS (84 ± 1% of TS) contents and methane production during 522 
November, while lower levels were seen in March and May, with May having a higher VS 523 
content standard deviation, as during this period the seaweed was starting to accumulate 524 
nutrients. 525 
Therefore, according to the low levels of algal carbohydrates both in winter and early spring, 526 
it is likely that the winter months would be characterised by similar yields as those observed 527 
in March. On the other hand, both summer and autumn are characterised by high levels of 528 
carbohydrates, thus it is possible that during summer similar yields as in November are likely 529 
to be observed.  530 
4. CONCLUSIONS 531 
This research aimed to select the best harvesting period of beach cast brown seaweed 532 
Laminaria sp. for methane production, while optimising the use of a beating pretreatment and 533 
the organic substrate concentration. For all the harvesting periods, the higher methane yields 534 
were observed at an optimum VS concentration below 2.5%. Autumn appeared the best 535 
harvesting period. During this period, the system would benefit the most by applying the 536 
beating pretreatment. In particular, short pretreatment times were sufficient in order to obtain 537 
the best methane yields of 342±17 ml g
-1
 VS, at the lowest organic substrate concentration 538 
(1% VS). Even though early spring represented the worst period for harvesting Laminaria 539 
sp., the use of the beating pretreatment at a VS concentration of 2.5% allowed a methane 540 
production 47% higher than the untreated sample. In November, the energy balance showed 541 
the highest energy gain of 54% after pretreatment, while an energy loss of 10% was 542 
registered in May. 543 
 544 
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